A series of halogenated pyrrolo [2,1- Streptomyces rimosus, during a microbial extract screening programme to identify inhibitors of bacterial histidine kinase. The structures of these compoundswere elucidated by spectroscopic methods including the HMQC, HMBCand INADEQUATE NMRexperiments. The structure of 1 was confirmed by X-ray crystallographic studies. Compounds 5 and 6 were produced in fermentations in the presence of NaBrand Nal respectively. The most abundant memberof the series, streptopyrrole, 1, inhibited the nitrogen regulator II (NRII) histidine kinase from
Escherichia coli with an IC50 of 20^m and exhibited antimicrobial activity against a range of bacteria and fungi.
Protein histidine kinases form the sensory element of two component signal transduction systems. These systems are widespread in prokaryotes, show a clear homologyto one another and play an important role in regulation of gene expression to enable bacteria to adapt to stressful or changing conditions.1 2) They have also been detected in lower eukaryotes3~5) and plants. 6) Inhibitors of these systems could severely limit the ability of the bacteria to colonise and cause disease in the host organism and so they provide a good target for antibacterial therapy. The first inhibitor of a two-component signal transduction system with potent antimicrobial activity was recently reported.7)
We have isolated a series of halogenated pyrrolo [2,1-b] [1, 3] benzoxazines ( Fig. 1 ) produced in fermentations of Streptomyces rimosus. Members of this series inhibit the NRIIc protein histidine kinase from Escherichia coll and also show potent antibacterial and antifungal activity. The present paper describes the taxonomy of the producing organism, its fermentation and the isolation, structure elucidation and biological activities of this series of compounds. After this work was completed, compound 1, streptopyrrole, was reported as a metabolite from
Streptomyces armeniacus with antimicrobial properties.8)
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Taxonomyof Producing Organism
The producing strain No. XI0/78/978 was isolated from soil collected in Kenya in 1988. It has been deposited at the National Collections of Industrial and Marine Bacteria under accession number 40808. The physiological characteristics of strain XI0/78/978 are shown in Table 1 . The substrate mycelium was well developed and extensively branched. In general, the organism produced a Vellum coloured substrate mycelium and a white aerial mycelium. The aerial mycelium formed Rectiflexibiles spore chains that were syrhpodial and greater than 20 spores in length.
The spore mass colour was Light Aircraft Grey. No diffusible pigment was produced on any of the media. Analysis of the cell wall hydrolysate revealed that the cell wall contained LL-diaminopimelic acid.
Based on the chemical and physiological characteristics described above, strain XI0/78/978 was identified as
Streptomyces rimosus according to Williams et al.9) The strain does, however, show some atypical characteristics for this species, such as Rectiflexibilis spore chains and a red pigment in the substrate mycelium.
Fermentation
The original fermentation of the organism described above resulted in the isolation of a series of chlorinated compounds (1, 2, 3, 4, 7, 8 and 9) . The profile ofa typical fermentation at 75 litre scale, showing pH, dissolved and the X-ray crystal structure of1 is shown in Fig. 3 . Mass spectral data for 3 yielded a molecular weight of 327 and a molecular formula of C14HnNO4Cl2, indicating the replacement of a proton by a second chlorine atom.
Inspection of the *H and 13C NMRdata suggested that H-3 was still present and was now a singlet while the proton signal for H-l was missing. The chemical shift on C-l indicating halogenation at C-2.
Mass spectral data indicated a molecular weight of 307 and molecular formula C15H14NO4C1,with one extra CH2 group compared to 1. Inspection of the LHNMRspectrum showed that this was explained by a 7-butyl side chain.
2-Chloro-8-hydroxy-6-methoxy-7-propyl-9//-pyrrolo
The lH NMRspectra for these three compounds all contained methyl singlet signals with similar chemical shifts suggestive of methoxyl groups. The hydrogen-bonded 8-OHsignal was still present in all three spectra indicating that these were likely to be 6-O-methyl derivatives. The remaining spectroscopic data for all three compoundswas used to determine that 4, 8 and 9 were 6-O-methyl derivatives of 1, 2 and 3 respectively.
Biological Activity
The histidine kinase used in this assay, NRIIc, is a fusion protein consisting of maltose binding protein at the amino terminus and NRII at the carboxy terminus. Construction of the expression plasmid encoding this protein, and the methods of production and isolation of the purified protein, have been described by Kamberovet a/.10) Membersof the isolated series of compoundswere found to exhibit potent inhibition of autophosphorylation of this histidine kinase. The IC50 values for the compounds tested against the histidine kinase are shown in Table 5 and ranged from 9 to >340 /xm.
Since histidine kinase is an antibacterial target, the purified compounds were also tested for whole cell antimicrobial activity against a range of bacteria and fungi using the broth dilution method performed in microtitre plates.
The results are shown in Tables 6a and 6b. Compound1 was the most widely tested ( screening programmefor inhibitors of the NRIIc histidine kinase from E. coli and were also found to exhibit potent whole cell antibacterial and more modest antifungal activities.
The major component of the fermentation, 1, was published as a Streptomyces armeniacus metabolite, streptopyrrole, subsequent to these studies.8) Compounds 2-9 have not been reported previously. Of these, compounds 2, 3, 4, 7, 8 and 9 were found as minor components produced under the original fermentation conditions. Supplementation of the production medium with NaBr was found to lead to the incorporation of bromine into compound 1 in place of chlorine to yield compound 5. Compound 6 was isolated as a minor componentfrom a fermentation in the presence of Nal, although no iodinated products were found.
The discovery of a series of compounds such as this enables initial inferences on structure activity relationships to be drawn. Increasing the length of the side chain at R3 from ethyl (2) through propyl (1) to butyl (7) results in an increase in the potency of inhibition of the autophosphorylation of the NRIIc histidine kinase, a pattern which is also seen as the chain length at R3
increases from ethyl (6) to propyl (3) for the dichlorinated members of the series. Substitution of the Cl in 1 for bromine (5) led to a decrease in activity, with the IC50 increasing from 20 to 71 jiu. Where tested, derivatives where the 6-hydroxy group is methylated (4, 8 and 9) , showed no detectable inhibition of histidine kinase or antimicrobial activity. These compounds were of very low JAN. 2000 polarity and had poor solubility in both aqueous and organic solvents.
In contrast to our findings, the original streptopyrrole publication8) reports only ' weak' growth inhibitory activity towards a broad range of micro-organisms, although this may reflect the differences in methodology used. More detailed information has been published for the pyralomicins, 10 which are structural relatives of the streptopyrroles.
The For the production stage, the contents of the 3 litre fermenter were transferred into 50 litre of production mediumin a 75 litre fermenter. The production medium contained soybean flour 1.77%, mannitol 2%, Antifoam A 0.1% in deionised water, adjusted to pH 7.0. The fermentation was carried out for 5 days at 28°C, with aeration at 0.5 vvmand stirring at 350rpm.
Fermentation for Production of Compounds5 and 6
A preculture was produced as described above and 40 ml of this culture was used to inoculate 2 litres of seed medium in a 3 litre fermenter. The fermenter was agitated at 500 rpm, aerated at 0.5 vvmand the temperature controlled at 28°C for 3 days. After this period, 560ml of the resultant culture was used to inoculate a 20 litre fermentation vessel containing 14 litres of production medium (as above)
supplemented with 0.5 g/litre of either NaBr or Nal. The fermenter was stirred at 350rpm, aerated at 0.5 vvmand the temperature controlled at 28°C for 5 days, after which the fermentation was terminated.
The material from a 75 litre fermenter was harvested by filtration using a Schenk Niro 430 filter press. The retained biomass was extracted with 30 litres of recirculating methanol for 24 hours. The methanolie extract was harvested via filtration through the filter press and evaporated to an aqueous concentrate using a thin film evap orator.
The aqueous concentrate (5 litres) was then back extracted with 2X7 litres of ethyl acetate. The solvent extracts were pooled and concentrated in vacuo to a gum. This was purified by normal phase chromatography using a Biotage Flash 75 chromatography system and a Flash 75 isocratic mobile phase (80% acetonitrile: water, flow rate 170ml/minute). The eluate was monitored at 242nm. The peak collected between 22 and 32 minutes was evaporated to dryness to yield compound 1 (4.5 g).
Flash chromatography fractions rich in compound 1 obtained by purification of the 75 litre fermentation of S. rimosus were also found to contain a number of minor components related to compound 1 and with similar chromatographic properties. After the preparative reversed phase HPLC step for compound 1 the HPLC fractions eluting immediately before and after those containing compound 1 were combined and concentrated to dryness. The material thus obtained was further purified by preparative reversed phase HPLCusing a Waters NovaPak C18 (100A 5^m) column (2X(i.d. 4X10cm length)) and a linear acetonitrile:
water gradient starting at 70% acetonitrile and increasing to 100% acetonitrile over 30 minutes, flow rate 55 ml/minute. The columneluate was monitored at 252nm. The peaks collected at 5, 9.5, 10, 15, 20 and 23 minutes were concentrated to dryness in vacuo to yield compounds (50mg), compound 3 (4mg), compound 7 (200mg), compound 8 (1.5 mg), compound 4 (10mg) and compound 9 (1 mg), respectively. 
